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MEMORY CONTROLLER AND METHOD OF
OPERATING THE SAME

CROSS-REFERENCE TO RELAT
APPLICATIONS

T
»

A claim for priority under 35 U.S.C. §119 1s made to
Korean Patent Application No. 10-2013-0028056, filed on
Mar. 15, 2013, 1n the Korean Intellectual Property Office, the
entire contents of which are hereby incorporated by reference

BACKGROUND

Embodiments of the inventive concept relate to a memory
controller and a method of operating the same, and more
particularly, to a memory controller that reduces data loss and
a method of operating the same.

A memory device includes memory cells that store data. To
enable a system including the memory device to operate
normally, errors i1n the data need to be minimized. The
memory device may include component(s) for correcting
errors in data. When the memory cells are densely formed 1n
a small area, data loss may occur due to interference between
memory cells 1n which data are stored.

SUMMARY

According to embodiments of the inventive concept, there
1s provided a method of operating a memory controller. The
method includes determining a data state based on an input
stream including multiple alphabet letters; converting a part
of the input stream, which corresponds to a conversion size,
into alphabet letters 1n a lower numeral system when the data
state 1s determined to be a first state among multiple prede-
termined data states; inserting one of the converted alphabet
letters 1into the input stream; and outputting each of the alpha-
bet letters 1n the 1nput stream as 1t 1s when the data state 1s
determined to be a second state among the predetermined
data states.

The method may further include determining whether the
one converted alphabet letter can be output 1n the data state
determined based on the input stream; and mapping the one
converted alphabet letter to a different alphabet letter accord-
ing to a determination result.

The method may further include storing the converted
alphabet letters 1n a first sub buifer. The part of the mput
stream 1s converted into the alphabet letters 1n the lower
numeral system when the first sub bufler 1s empty. The
method may further include sequentially 1inserting converted
alphabet letters remaining in the first sub builer into the input
stream when reception of the mput stream 1s completed.

The method may further include determining a data state
based on read data including alphabet letters, restoring a part
of the read data to a higher numeral system, and 1nserting the
restored part into the read data. The method may also include
mapping c¢ach of the alphabet letters in the read data to a
different alphabet letter according to the data state determined
based on the read data. A size of the restored part of the read
data may be the conversion size.

The first state may be a data state 1n which at least one of the
alphabet letters cannot be output. The second state may be a
data state 1n which all of the alphabet letters can be output.
The conversion size may be determined depending on a size
of the mput stream.

According to other embodiments of the inventive concept,
there 1s provided a memory controller including a pattern
transformer and a pattern de-transformer. The pattern trans-
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2

former 1s configured to convert a part of an input stream
including multiple alphabet letters from a higher numeral
system to a lower numeral system when a data state 1s deter-
mined to be a first state among multiple predetermined data
states based on the mput stream, and to 1nsert the converted
part into the mput stream. The pattern de-transformer 1s con-
figured to convert a part of read data including multiple alpha-
bet letters to the higher numeral system when a data state 1s
determined to be the first state based on the read data, and to
insert the converted part into the read data, the read data being
obtained by reading the input stream that has been written to
a memory device. The first state 1s a data state 1n which at least
one of the alphabet letters cannot be output.

The pattern transformer may include a first base converter
configured to convert the part of the input stream 1nto the
lower numeral system; a first sub bulfer configured to store
the converted part; a first mapper configured to map an alpha-
bet letter 1n the converted part to a different alphabet letter
when the alphabet letter 1n the converted part cannot be output
in the first state; a first main buffer configured to store the
input stream and a mapped alphabet letter; and a first finite
state machine configured to determine the data state based on
the input stream and the mapped alphabet letter, and to control
the first main butier and the first mapper. The part of the input
stream may have a conversion size.

The pattern de-transformer may include a second mapper
configured to map each of the alphabet letters 1n the read data
to a different alphabet letter according to the data state deter-
mined based on the read data; a second sub buffer configured
to store the mapped alphabet letters; a second base converter
configured to restore alphabet letters to the higher numeral
system from the mapped alphabet letters; a second main
builer configured to store the read data and the restored alpha-
bet letters; and a second finite state machine configured to
determine the data state based on the read data, and to control
the second main buttfer and the second mapper. The number of
restored alphabet letters may be the same as the conversion
S1Z€.

The conversion size may be determined depending on a
s1ze of the mput stream.

According to further embodiments of the mventive con-
cept, there 1s provided a memory system including the above-
described memory controller, and a memory device config-
ured to write the input stream from the memory controller and
to read the mput stream under control of the memory control-
ler, and to output a read input stream as the read data.

According to other embodiments of the inventive concept,
there 1s provided a memory device including a memory cell
array and a memory controller. The memory cell array
includes multiple multi-level memory cells for storing at least
one ol binary, ternary or quaternary data, and a memory
controller for converting an input stream received from a host
to provide write data that 1s stored 1n the memory device, and
for converting read data recetved from the memory device to
provide an output stream to the host, the read data corre-
sponding to the stored write data. The memory controller 1s
configured to convert a part of the input stream comprising
multiple alphabet letters from a higher numeral system to a
lower numeral system when a data state 1s determined to be a
first state among multiple predetermined data states, and to
insert the converted part into the mput stream to provide the
write data. The memory controller 1s further configured to
convert a part of the read data including alphabet letters from
the lower numeral system to the higher numeral system when
a data state 1s determined to be the first state based on the read
data, and to isert the converted part into the read data to
provide the output stream.
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BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features and advantages will become
apparent from the following description of various embodi-
ments with reference to the attached drawings, in which:

FIG. 1 1s a block diagram of an electronic system, accord-
ing to embodiments of the inventive concept;

FIG. 2 1s a block diagram of a pattern transformer 1llus-
trated 1n FIG. 1, according to an embodiment of the inventive
concept;

FIG. 3 1s a block diagram of a pattern de-transformer
illustrated 1n FIG. 1, according to an embodiment of the
inventive concept;

FIG. 4 1s a diagram of a data state graph on which a first
finite state machine (FSM) illustrated 1n FIG. 2 and a second
FSM 1illustrated in FIG. 3 base determination of a data state,
according to an embodiment of the inventive concept;

FIG. 5 1s a diagram of a data state graph on which the first
FSM 1illustrated 1n FIG. 2 and the second FSM 1llustrated 1n
FIG. 3 base determination of a data state, according to an
embodiment of the inventive concept;

FIG. 6 1s a diagram of a data state graph on which the first
FSM 1illustrated 1n FIG. 2 and the second FSM 1llustrated 1n
FIG. 3 base determination of a data state, according to an
embodiment of the inventive concept;

FIG. 7 1s a diagram for explaining operations of a first
mapper and a second mapper when the data state 1s deter-
mined based on the data state graph illustrated in FIG. 4,
according to an embodiment of the inventive concept;

FIG. 8 1s a diagram for explaining operations of a first
mapper and a second mapper when the data state 1s deter-
mined based on the data state graph illustrated in FIG. 5,
according to an embodiment of the inventive concept;

FIG. 9 1s a diagram for explaining operations of a first
mapper and a second mapper when the data state 1s deter-
mined based on the data state graph illustrated in FIG. 6,
according to an embodiment of the inventive concept;

FIGS. 10A through 10C are diagrams for explaining opera-
tion of the pattern transformer when the data state 1s deter-
mined based on the data state graph illustrated in FIG. 6,
according to an embodiment of the inventive concept;

FIG. 11 1s a flowchart of operations of the pattern trans-

former illustrated 1n FIG. 2, according to an embodiment of
the inventive concept;

FIG. 12 1s a flowchart of operations of the pattern de-
transformer 1llustrated 1n F1G. 3, according to an embodiment
of the mventive concept;

FIG. 13 1s a block diagram of a system including an
example of the memory system of FIG. 1, according to an
embodiment of the inventive concept;

FIG. 14 1s a block diagram of a system including an
example of the memory system of FIG. 1, according to
another embodiment of the iventive concept;

FIG. 15 1s a block diagram of a system
example of the memory system of FIG. 1,
another embodiment of the mventive concept;

FIG. 16 1s a block diagram of a system
example of the memory system of FIG. 1,
another embodiment of the imnventive concept;

FIG. 17 1s a block diagram of a system including an
example of the memory system of FIG. 1, according to
another embodiment of the imnventive concept; and

FIG. 18 1s a block diagram of a system including an
example of the memory system of FIG. 1, according to
another embodiment of the imnventive concept.
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4

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(L]

Embodiments will be described in detail with reference to
the accompanying drawings. The mventive concept, however,
may be embodied 1 various different forms, and should not
be construed as being limited only to the illustrated embodi-
ments. Rather, these embodiments are provided as examples
so that this disclosure will be thorough and complete, and will
tully convey the concept of the mventive concept to those
skilled 1n the art. Accordingly, known processes, elements,
and techniques are not described with respect to some of the
embodiments of the inventive concept. Unless otherwise
noted, like reference numerals denote like elements through-
out the attached drawings and written description, and thus
descriptions will not be repeated. In the drawings, the sizes
and relative sizes of layers and regions may be exaggerated
for clarty.

It will be understood that when an element 1s referred to as
being “connected” or “coupled” to another element, 1t can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
1s referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present. As used herein, the term “and/or” includes any
and all combinations of one or more of the associated listed
items and may be abbreviated as */”.

It will be understood that, although the terms first, second,
ctc., may be used herein to describe various elements, these
clements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first signal could be termed a second signal, and
similarly, a second signal could be termed a first signal with-
out departing from the scope of the present teachings.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the inventive concept. As used herein, the singular
forms ““a”, “an’ and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises’™ and/
or “comprising,” or “includes™ and/or “including” when used
in this specification, specily the presence of stated features,
regions, integers, steps, operations, elements, and/or compo-
nents, but do not preclude the presence or addition of one or
more other features, regions, mtegers, steps, operations, ¢le-
ments, components, and/or groups thereol. The term “exem-
plary” refers to an 1llustration or example.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined 1n commonly used dictio-
naries, should be mterpreted as having a meaming that 1s
consistent with their meaning 1n the context of the relevant art
and/or the present application, and will not be interpreted 1n
an 1dealized or overly formal sense unless expressly so
defined herein.

FIG. 1 1s a block diagram of an electronic system 10,
according to an embodiment of the inventive concept. The
clectronic system 10 may be implemented as an electronic
device or a portable device, such as a mobile telephone, a
smart phone, a tablet personal computer (PC), a personal
digital assistant (PDA), an enterprise digital assistant (EDA),
a digital still camera, a digital video camera, a portable mul-
timedia player (PMP), a personal navigation device or por-
table navigation device (PND), a handheld game console, or
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an e-book, for example. The electronic system 10 includes a
host 50 and a memory system 100.

The host 50 may include a processor, a display, and an input
device for the operation of the electronic system 10. The host
50 may transmit data to and receive data from the memory
system 100. When necessary, the host 50 may store data in the
memory system 100 or fetch data from the memory system
100.

The memory system 100 1s configured to exchange data in
stream format with the host 50. In other words, the memory
system 100 may receive an input stream IS from the host 50
and transmit an output stream OS to the host 50. The memory
system 100 includes a memory device 150 and a memory
controller 200.

The memory device 150 may include a memory cell array
(not shown), a read/write circuit (not shown), and control
logic (not shown). The memory cell array may include a
plurality of memory cells that store data. The memory cells
may store data using voltage level differences for binary,
ternary or quaternary data, for example. In other words, the
memory cells may be multi-level cells (MLCs).

The memory cells may be implemented as non-volatile
memory cells that retain stored data even when not powered,
or volatile memory cells that retain data only when powered.
Data may be stored in the memory cells by physically cutting
a Tuse using a laser or by electrically programming, for
example. The memory cells may be dynamic random access
memory (DRAM) cells, static RAM (SRAM) cells, electri-
cally erasable programmable read-only memory (EEPROM)
cells, flash memory cells, magnetic RAM (MRAM) cells,
conductive bridging RAM (CBRAM) cells, ferroelectnc
RAM (FeRAM) cells, phase-change RAM (PRAM) cells, or
resistive RAM (RRAM or ReRAM) cells, for example,
although other types of memory cells may be incorporated
without departing from the scope of the present teachings.
The, the memory cell array may be implemented in two or
three dimensions.

The read/write circuit may read data from or write data to
an address 1n the memory cell array according to an address
signal and a command, which are received from the memory
controller 200. The control logic controls the overall opera-
tion of the memory device 150.

The memory controller 200 generates address signals and
commands for controlling operation of the memory device
150. The memory controller 200 1s configured to convert the
iput stream IS into write data WD and to convert read data
RD 1nto the output stream OS. For purposes of illustration, the
read data RD corresponds to the write data WD written in the
memory device 150. In the depicted embodiment, the
memory controller 200 includes a pattern transformer 210, a
pattern de-transformer 230, an error correction code (ECC)
encoder 260, and an FCC decoder 270.

The pattern transformer 210 receives the mput stream IS
from the host 50 and transtorms the 1input stream IS to avoid
forbidden pattern(s) in the input stream IS, as needed. When
the memory cells included in the memory cell array are
MLCs, each of the memory cells has multiple threshold volt-
age distribution states respectively corresponding to multiple
levels. The threshold voltage distribution of each of the states
may be wider than a desired window due to various factors.
For instance, the threshold voltage distribution may be wider
due to coupling (e.g., F-poly coupling) between adjacent
memory cells during a program operation. Due to such cou-
pling, 1t may fail to read data from a memory cell. In particu-
lar, coupling may be worse when a particular data pattern, 1.e.,
a forbidden pattern (e.g., P3-E-P3) included 1n the read data
RD 1s stored across adjacent memory cells.
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The pattern de-transformer 230 restores the forbidden pat-
tern(s) 1n the decoded read data RD received from the ECC
decoder 270, and outputs the output stream OS. The ECC
encoder 260 encodes the transformed mput stream IS
received from the pattern transformer 210 and outputs the
write data WD. The ECC decoder 270 decodes the read data
RD received from the memory device 150 and outputs the
decoded read data RD, for detecting and correcting errors.

FIG. 2 1s a block diagram of the pattern transformer 210
illustrated 1 FIG. 1, according to an embodiment of the
inventive concept. Retferring to FIGS. 1 and 2, the pattern
transformer 210 includes a first main butier 212, a first finite
state machine (FSM) 214, a first sub builer 216, a first base
converter 218, and a first mapper 220.

The first main buffer 212 temporarily stores the input
stream IS recerved from the host 50. When the first sub butfer
216 1s empty, the first main bufler 212 transmits a part of an
“alphabet” (e.g., a set or string of “letters,” which may be
alphanumeric symbols or digits, for example) included in the
input stream IS to the first sub bufler 216 under control of the
first FSM 214. Here, the part of the alphabet transmuitted to the
first sub buffer 214 may have a size corresponding to a con-
version size (e.g., number of letters converted to another
numeral system). For instance, when the conversion size 1s
ten, the part of the alphabet transmitted to the first sub butier
214 may be made up of ten letters. An illustrative method of
determining the conversion size will be described below with
reference to FIG. 6.

The first main buifer 212 receives at least one alphabet
letter mapped (referred to as “at least one mapped alphabet
letter”) from the first mapper 220, and 1nserts the at least one
alphabet letter into the mnput stream IS under control of the
first FSM 214. After recerving all of the mnput stream IS from
the host 50, the first main buffer 212 receives at least one
base-converted alphabet letter remaining in the first sub
buifer 216 through the first mapper 220, and inserts the at
least one base-converted alphabet letter into the input stream
IS at the end of the mput stream IS under control of the first
FSM 214. The first main buifer 212 transmuits the input stream
IS to the ECC encoder 260 under control of the first FSM 214.

The first FSM 214 determines a data state (e.g., S1, S2, S3,
or S4) based on the mput stream IS temporarily stored in the
first main buifer 212 or the at least one mapped alphabet letter.
The first FSM 214 controls the first main butier 212 and/or the
first mapper 220 according to the data state that has been

determined. The determination of the data state and the con-
trol operation of the first FSM 214 will be described below

with reference to FIGS. 4 through 10C.

The first sub builer 216 temporarily stores the part of the
alphabet included in the mput stream IS, which 1s recerved
from the first main buffer 212, and then transmits 1t to the first
base converter 218. In addition, the first sub buffer 216 tem-
porarily stores base-converted alphabet letters recerved from
the first base converter 218 and then transmaits them to the first
mapper 220.

The first base converter 218 receives the part of the alpha-
bet included 1n the mnput stream IS, and converts 1t into letters
of an alphabet 1n a lower numeral system. For instance, the
first base converter 218 may receive a string of “3000” 1n a
quaternary numeral system (base-4) and convert 1t into a
string of “21010” 1n a ternary numeral system (base-3). The
first base converter 218 transmits the base-converted alphabet
letters to the first sub butier 216.

When the base-converted alphabet letters received from the
first sub butier 216 cannot be output 1n a current data state, the
first mapper 220 maps the base-converted alphabet letters to
different alphabet letters under control of the first FSM 214.
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When the base-converted alphabet letters received from the
first sub buffer 216 can be output 1n the current data state, the
first mapper 220 maps the base-converted alphabet letters to
the same alphabet letters under control of the first FSM 214.
For mstance, the first mapper 220 may map a base-converted
alphabet letter “2” to the same alphabet letter “2” and map a
base-converted alphabet letter “1” to a different alphabet
letter, such as “0.” The first mapper 220 transmuits the mapped
alphabet letter to the first main buftfer 212.

FI1G. 3 1s a block diagram of the pattern de-transformer 230
illustrated 1n FIG. 1, according to an embodiment of the
inventive concept. Referring to FIGS. 1 through 3, the pattern
de-transformer 230 includes a second main bulfer 232, a
second FSM 234, a second mapper 236, a second sub butler
238, and a second base converter 240.

The second main buffer 232 temporarily stores the decoded
read data RD received from the ECC decoder 270. The second
main buifer 232 transmits at least one alphabet letter of an
alphabet included in the decoded read data RD to the second
mapper 236 under control of the second FSM 234,

When the second sub butler 238 1s empty, the second main
buifer 232 sequentially receives and temporarnly stores the
decoded read data RD with a space corresponding to the
conversion size being empty under control of the second FSM
234, while transmitting the at least one alphabet letter to the
second mapper 236. The second main bufler 232 receives
base-restored alphabet letters from the second sub buffer 238
and 1nserts them into the empty space. The second main
butler 232 transmits the restored read data RD to the host 50
as the output stream OS.

The second FSM 234 determines a data state (e.g., S1, S2,
S3, or S4) according to the decoded read data RD temporarily
stored 1n the second main buffer 232. The second FSM 234
controls the second main butler 232 and/or the second map-
per 236 according to the determined data state. The determi-
nation of the data state and the control operation of the second
FSM 234 will be described in detail below with reference to
FIGS. 4 through 10C.

The second mapper 236 may map the at least one alphabet
letter received from the second main butifer 232 to a different
alphabet letter under control of the second FSM 234. For
instance, the second mapper 236 may map the at least one
alphabet letter “1” to a different alphabet letter “2” and map
“0”to “1.

The second mapper 236 performs reverse mapping to the
mapping performed by the first mapper 240 illustrated in FIG.
2 1n the same data state. For instance, when the first mapper
220 maps “2”” to “3” in the data state S4 as shown in FIG. 6,
the second mapper 236 maps “3” to “2.” For this operatlon
the first and second FSMs 214 and 234 may share mapping,
information with respect to the data states. The second map-
per 236 transmits the at least one mapped alphabet letter to the
second sub bufler 238.

The second sub bufler 238 temporarily stores the at least
one mapped alphabet letter recerved from the second mapper
236, and then transmits the at least one mapped alphabet letter
to the second base converter 240. In addition, the second sub
butfer 238 also temporarily stores base-restored alphabet let-
ters received from the second base converter 240 and then
transmits them to the second main builer 232.

The second base converter 240 receives the at least one
mapped alphabet letter. When the second base converter 240
receives as many alphabet letters as a size of a string 1nto
which a string of alphabet letters corresponding to the con-
version size 1s converted (Tor example, 24 letters of the ternary
numeral system into which 19 letters corresponding to a
conversion size of 19 1n the quaternary numeral system are
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converted), the second base converter 240 may restore alpha-
bet letters 1n a higher numeral system from the letters of a
current numeral system. For instance, the second base con-
verter 240 may recerve “21010” 1n the ternary number system
and restore “3000” over the quaternary numeral system. The
second base converter 240 transmuits the base-restored alpha-
bet letters to the second sub buifer 238.

FIG. 4 1s a diagram of a data state graph based on which the
first FSM 214 1llustrated in FIG. 2 and the second FSM 234
illustrated 1 FIG. 3 determine a data state, according to
embodiments of the inventive concept. FIG. 5 1s a diagram of
a data state graph based on which the first FSM 214 and the
second FSM 234 determine a data state, according to other
embodiments of the inventive concept. FIG. 6 1s a diagram of
a data state graph based on which the first FSM 214 and the
second FSM 234 determine a data state, according to other
embodiments of the mventive concept.

Referring to FIGS. 4 through 6, the first FSM 214 and the
second FSM 234 determine a data state. In the exemplary
embodiments 1llustrated 1n FIGS. 4 through 6, 1t 1s assumed
that the pattern transformer 210 and the pattern de-trans-
tormer 230 recerve and process quaternary data in the quater-
nary numeral system. For the sake of convenience of expla-
nation, operation of only the first FSM 214 with respect to the
data state will be described, although the description likewise
applies to the operation of the FSM 234.

FIG. 4 1llustrates the data state graph for avoiding a forbid-
den pattern of 3-0-3. Here, S1, S2, and S3 denote data states.
Each of the data states S1 through S3 may be shifted to
another data state according to the input stream IS tempo-
rarily stored 1n the first main buifer 212 or a mapped alphabet
letter O, 1, 2, or 3.

When the data state 1s S1 and the alphabet letter stored 1n
the first main butfer 212 1s 0, 1, or 2, the data state remains 1n
S1. When data state 1s S1 and the alphabet letter stored 1n the
first main buffer 212 1s 3, the data state 1s shifted from S1 to
S2. When the data state 1s S2 and the alphabet letter stored 1n
the first main butler 212 1s 1 or 2, the data state 1s shifted from
S2 to S1. When the data state 1s S2 and the alphabet letter
stored 1n the first main bufler 212 1s 3, the data state remains
in S2. When the data state 1s S2 and the alphabet letter stored
in the first main bufter 212 1s 0, the data state 1s shifted from
S2 to S3. When the data state 1s S3 and the alphabet letter
stored 1n the first main buffer 212 1s O, 1, or 2, the data state 1s
shifted from S3 to S1.

Consequently, when the data state 1s S3, the alphabet letter
stored 1n the first main buffer 212 cannot be 3. This 1s to avoid
the forbidden pattern of 3-0-3. In other words, S3 may be
defined as a “first state” in which at least one alphabet letter
(e.g., “3”1n the depicted example) among a plurality of alpha-
bet letters <07, “17, “2”, and “3” cannot be output according
to the mput stream IS including the alphabet letters “07, <17,
“27”,and “3” or the mapped alphabet letters. S1 and S2 may be
defined as a “second state” 1n which all of the alphabet letters
(e.g., <07, “17, “27”, and “3” 1n the depicted example) can be
output according to the mnput stream IS including the alphabet
letters “07, <17, “2”, and “3” or the mapped alphabet letters.

When a current data state 1s shifted to the first state accord-
ing to the alphabet letters included 1n the mput stream IS, the
first FSM 214 controls the first base converter 218 to convert
a part corresponding to a conversion size in the input stream
IS 1nto a string over a lower numeral system and to insert the
string into the input stream IS. When there 1s a base-converted
alphabet letter in the first sub buffer 216, the first main buifer
212 recerves the base-converted alphabet letter from the first
sub bufier 216 through the first mapper 220 and inserts the
base-converted alphabet letter into the input stream IS under
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control of the first FSM 214. When the base-converted alpha-
bet letter cannot be output 1n a current data state, the first FSM
214 controls the first mapper 220 to map the base-converted
alphabet letter to another alphabet letter.

When the current data state 1s shifted to the second state
according to the input stream IS or the mapped alphabet

letters, the first FSM 214 controls the first main buffer 212 to
output the alphabet letter as 1t 1s.

FI1G. 5 illustrates the data state graph for avoiding a forbid-
den pattern of 2-2. Here, S1 and S2 denote data states. Each of
the data states S1 and S2 may be shifted to another data state
according to the input stream IS temporarily stored 1n the first

main buifer 212 or a base-converted alphabet letter O, 1, 2, or
3

When the data state 1s S1 and the alphabet letter stored in
the first main buffer 212 1s 0, 1, or 3, the data state remains 1n
S1. When the data state 1s S1 and the alphabet letter stored 1n
the first main butlter 212 1s 2, the data state 1s shifted from S1
to S2. When the data state 1s S2 and the alphabet letter stored
in the first main buffer 212 15 0, 1, or 3, the data state 1s shifted
from S2 to S1.

Consequently, the alphabet letter stored in the first main
butfer 212 when the data state 1s S2 cannot be 2. This 1s to
avoid the forbidden pattern of 2-2. Accordingly, the data state
S1 corresponds to the second state and the data state S2
corresponds to the first state. The control operation of the first
FSM 214 1n the embodiments illustrated 1n FIG. 5 1s substan-
tially the same as that described above with reference to FIG.
4. Thus, descriptions thereot will not be repeated.

FIG. 6 illustrates the data state graph for avoiding the
torbidden patterns of 3-0-3 and 2-2. Thus, the data state graph
illustrated in F1G. 6 1s essentially a combination of the content
of the data state graph illustrated FIG. 4 and the content of the
data state graph 1llustrated 1n FIG. 5.

In FIG. 6, S3 and S4 correspond to the first state and S1 and
S2 correspond to the second state. The control operation of
the first FSM 214 1n the embodiments illustrated 1n FIG. 6 1s
substantially the same as that described above with reference
to FIGS. 4 and 5. Thus, descriptions therecof will not be
repeated.

When the first FSM 214 operates according to the data state
graph 1llustrated 1n FIG. 6, a method by which the first FSM
214 determines a conversion size of the part of the mput
stream IS that will be converted into a string in a lower
numeral system by the first base converter 218 will be
described below. This method may also be used in the
embodiments illustrated 1n FIGS. 4 and 5.

An adjacent matrix of the data state graph illustrated 1n
FIG. 6 may be expressed by Equation (1):

(1)

=2 =2 = 2
— T =
o S e B R

Each of the rows and columns of the adjacent matrix cor-
responds to a data state. A value of an element defined by a
particular row and a particular column denotes the number of
alphabet letters that can be moved from a data state corre-
sponding to the row to a data state corresponding to the
column. For 1nstance, the value “2” of the element a, ; 1n the
first row and the first column denotes the number of alphabet
letters “0”” and *“1” that can be moved from the data state S1 to
the data state S1. The value “1” of the element a,, 1n the third

10

15

20

25

30

35

40

45

50

55

60

65

10

row and the fourth column denotes the number of alphabet
letter “2” that can be moved from the data state S3 to the data
state 54.

A probability-transition matrix obtained when a probabil-
ity 1s considered 1n the adjacent matrix of the data state graph
illustrated in FIG. 6 may be expressed by Equation (2):

2/4 1/4 0 1/4 (2)
1/4 1/4 1/4 1/4

C=153 0 0 1/3
2/3 1/3 0 0

Each of the rows and columns of the probability-transition
matrix corresponds to a data state. A value of an element
defined by a particular row and a particular column denotes a
ratio of the number of alphabet letters that can be moved from
a data state corresponding to the row to a data state corre-
sponding to the column to the total number of alphabet letters
that can be moved from the data state corresponding to the
row to any one of the data states. For instance, the value *“24”
of the element q, , 1n the first row and the first column denotes
the ratio of the number of alphabet letters “0”” and “1” that can
be moved from the data state S1 to the data state S1 to the total
number of alphabet letters “07, “17, 27, and *“3” that can be
moved from the data state S1 to any one of the data states S1
through S4. The value “V5” of the element g, , in the third row
and the fourth column denotes the ratio of the number of
alphabet letters “2” that can be moved from the data state S3
to the data state S4 to the total number of alphabet letters <07,
“17”, and 2”7 that can be moved from the data state S3 to any
one of the data states S1 through S4.

When a stationary probability vector giving nQ=mr 1s

obtained with respect to the probability-transition matrix Q, m
1s defined as Equation (3):

92 48 12 39
191" 1917 191" 191

(3)
7 =[Pl, P2, P3, P4] =

Each element of the stationary probability vector indicates
a probability of the occurrence of a data state with no consid-
eration of a previous data state. In other words, when the
previous data state 1s not considered, a probability P1, P2, P3,
or P4 of the occurrence of each of the data states S1, S2, S3,
and S4 15 92/191, 48/191, 12/191, and 39/191, respectively.

A conversion size kK, may be expressed by Equation (4):

q;log, j (4)

ki=N —
2. gilog, i
i=2

In Equation (4), N 1s the total size (e.g., 10,000 when the
iput stream IS 1s 10,000 bits 1in length) of the input stream IS,
“m” 1s a value (e.g., 4 when the input stream IS 1s quaternary
data) corresponding to a numeral system in which the mput
stream IS 1s represented, “9” 1s a value (e.g., 3) corresponding,
to a numeral system (e.g., a ternary numeral system when the
input stream IS 1s quaternary data) into which the input stream
IS 1s converted, and “1” 1s at least 2 and does not exceed

(m-1).
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In Equation 4, q, may be defined as Equation (5):

(9)

2,

ve V. [Sy 1=y

qi = Pv

In Equation (5), V 1s a set of serial numbers respectively
corresponding to all data states, “v’” 1s anumber (e.g., 1, 2, 3,
or 4 in FI1G. 6) corresponding to each of the data states, 1.e., an
element of the setV, IS | 1s the maximum number of alphabet
letters that can be output 1n a current data state. For instance,
when =3 as shown 1n FIG. 6, g, 1s the sum of the elements of
the stationary probability vector giving IS |=3, 1.e., 12/191+
39/191=51/191.

When N=10,000, =3 as shown in FIG. 6, and m=4 in
Equation (4), k, can be calculated as shown 1n Equation (6):

(E . ﬁ]m 3 6)
92 48 12 39
19—1 $1Dg44+ 1—91 $1Dg44+ 1—91 $10g43 + 19—1 ﬁf—'lﬂ&?}]

Consequently, k, 1s 2240.18 (that 1s about 2241). This
means that the first base converter 218 performs base conver-
sion on 2241 alphabet letters. The first base converter 218
may convert 2241 alphabet letters at once or over several
times.

The total number of alphabet letters finally output from the
pattern transformer 210 through the base conversion of the
first base converter 218 may be calculated using Equation (7):

1 (7)

N, =N—
2. gilog,,i
=2

In the above-described example, the total number of alpha-
bet letters output from the pattern transformer 210 1s 10586.6
(that 1s, about 10587). This agrees with the number of alpha-
bet letters when the first base converter 218 converts 2241
letters from the quaternary numeral system into ternary
numeral system. The number of ternary numeral system
alphabet letters 1s 2827 and an increment in the number of
alphabet letters 1s 5877 (that1s, 2827-2241). In other words, an
increment in the number of alphabet letters through the opera-
tion for avoiding a forbidden pattern 1s about 587.

FIG. 7 1s a diagram for explaining operations of the first
mapper 220 and the second mapper 236 when the data state 1s
determined based on the data state graph 1llustrated 1n F1G. 4,
for example. FIG. 8 1s a diagram for explaining operations of
the first mapper 220 and the second mapper 236 when the data
state 1s determined based on the data state graph 1llustrated 1n
FIG. 5, for example. FIG. 9 1s a diagram for explaining
operations of the first mapper 220 and the second mapper 236
when the data state 1s determined based on the data state graph
illustrated in FIG. 6, for example.

Referring to FIGS. 7 through 9, when the first FSM 214
determines that the data state 1s the first state, the first FSM
214 recerves a base-converted alphabet letter from the first
sub buffer 216 and 1nserts 1t into the 1nput stream IS. At this
time, when the base-converted alphabet letter 1s a letter that
cannot be output in the current data state, the first FSM 214
controls the first mapper 220 to map the base-converted
alphabet letter to a different alphabet letter. However, when
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the base-converted alphabet letter 1s a letter that can be output
in the current data state, the first FSM 214 controls the first
mapper 220 to map the base-converted alphabet letter to the
same alphabet letter.

Referring to FIG. 7, the first mapper 220 does not map the
base-converted alphabet letter to a different alphabet letter in
the data state S3 corresponding to the first state. In other
words, since no base-converted alphabet letter 1s 3, the first
mapper 220 does not need to map the base-converted alphabet
letter to a different alphabet letter to avoid the forbidden
pattern of 3-0-3.

Differently, referring to FIG. 8, when the base-converted
alphabet letter 1s 2 1n the data state S2 corresponding to the
first state, the first mapper 220 may map 2 to 3 1n order to
avold the forbidden pattern of 2-2. In other words, since the
pattern transformer 210 cannot output the alphabet letter 2 1n
the data state S2, the first mapper 220 maps the alphabet letter
2 to the alphabet letter 3 to avoid the forbidden pattern of 2-2.

Referring to FIG. 9, when the base-converted alphabet
letter 1s 2 1n the data state S4 corresponding to the first state,
the first mapper 220 may map 2 to 3. In other words, since the
pattern transformer 210 cannot output the alphabet letter 2 in
the data state S4, the first mapper 220 maps the alphabet letter
2 to the alphabet letter 3 to avoid the forbidden pattern of 2-2.

The second mapper 236 included in the pattern de-trans-
former 230 may perform reverse mapping to the mapping
performed by the first mapper 220 described above with
reference to FIGS. 7 through 9. In other words, when the first
mapper 220 maps the base-converted alphabet letter to the
same alphabet letter (e.g., 2 to 2), the second mapper 236 also
maps the base-converted alphabet letter to the same alphabet
letter. However, when the first mapper 220 maps the base-
converted alphabet letter to a different alphabet letter (e.g., 2
to 3), the second mapper 236 performs reverse mapping (e.g.,
3 to 2).

FIGS. 10A through 10C are diagrams for explaining opera-
tion of the pattern transiformer 210 when the data state 1s
determined based on the data state graph illustrated 1n FIG. 6,
for example. Referring to FIGS. 1 through 3, FIGS. 6 and 9,
and FIGS. 10A through 10C, an input time 1s a time at which
cach of alphabet letters (1.e., input alphabet letters) included
in the input stream IS 1s mput from the host 50 into the pattern
transformer 210. The mput time may be determined depend-
ing on the operating speed of the host 50. An output time 1s a
time at which the pattern transformer 210 outputs each of the
alphabet letters (1.e., output alphabet letters) included in the
pattern-transformed input stream IS. The output time may be
determined by control logic (not shown) included in the
memory controller 200.

An output time may come after an input time 1n the same
place as the output time 1n a sequence and before an input time
in the next place i the sequence. For instance, an input
alphabet letter of 2 may be mnput to the pattern transformer
210 at the second 1nput time, and the alphabet letter of 2 may
be output from the pattern transformer 210 at the second
output time after a predetermined period of time. Thereatter,
an input alphabet letter of 3 may be input to the pattern
transtformer 210 at the third input time.

A pre-output buffer state may indicate the state of the first
sub buffer 216 between an input time and an output time in the
same place as the mput time in the sequence. A post-output
builer state may indicate the state of the first sub butier 216
between the output time and an mnput time 1n the place next to
the output time 1n the sequence.

Referring to FIGS. 10A through 10C, 1n the exemplary
operation of the pattern transformer 210, the data state 1s an
initial state at the first input time. The 1nitial state may be set
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to a random data state. For instance, the initial state 1s
assumed to be the data state S1, for example.

An alphabet letter of 1 1s mput to the pattern transformer
210 at the first input time and 1s temporarily stored 1n the first
main buffer 212. Since the data state 1s the second state (S1),
the first FSM 214 outputs the alphabet letter of 1 as 1t 1s. The
first FSM 214 may determine the data state to be S1 based on
the alphabet letter of 1.

An alphabet letter of 2 1s mnput to the pattern transformer
210 at the second mnput time and 1s temporarily stored 1n the
first main buffer 212. Since the data state 1s the second state
(S1), the first FSM 214 outputs the alphabet letter of 2 as 1t 1s.
The first FSM 214 determines the data state to be S4 based on
the alphabet letter of 2, as mndicated 1n FIG. 6.

An alphabet letter of 3 1s 1input to the pattern transformer
210 at the third 1nput time and 1s temporarily stored 1n the first
main bufifer 212. Since the data state 1s the first state (S4) and
there 1s no alphabet letter 1n the first sub builer 216, a string of
alphabet letters corresponding to a conversion size among the
alphabet letters included in the mput stream IS 1s transmuitted
to the first base converter 218. When the conversion size1s 19,
for example, the first FSM 214 may transmit 19 alphabet
letters respectively mput at the third through twenty-first
input times to the first base converter 218 through the first sub
butfer 216.

The first base converter 218 converts the 19 quaternary
alphabet letters (1.e.,3,0,3,0,0,0,0,0,0,0,0,0, 0,0, 0, 0,
0, 0, 0) into 24 ternary alphabet letters (1.e.,2,0,2,2, 2,1, 1,
0,1,1,1,1,2,0,0,0,1, 2,0, 0, 2,1, 2, 0). The 24 ternary
alphabet letters are stored in the first sub buffer 216, and the
first alphabet letter 2 1s transmitted to the first mapper 220.

Since the base-converted alphabet letter 2 cannot be output
in the current data state S4, the first FSM 214 controls the first
mapper 220 to map 2 to 3, for example. The first mapper 220
outputs the alphabet letter 3, and the first FSM 214 determines
the data state to be S2 based on the alphabet letter 3 stored in
the first main builfer 212.

An alphabet letter of O 1s mnput to the pattern transformer
210 at the twenty-second input time and 1s temporarily stored
in the first main buifer 212. Since the data state 1s the second
state, the first FSM 214 outputs the alphabet letter O as 1t 1s.
The first FSM 214 determines the data state to be S3 based on
the alphabet letter O.

Twenty-three ternary alphabet letters (1.¢.,0,2,2,2, 1,1, 0,
1,1,1,1,2,0,0,0,1,2,0,0,2, 1, 2, 0) are 1n the first sub buifer
216, and the first alphabet letter O 1s transmitted to the first
mapper 220. Since the base-converted alphabet letter O can be
output 1n the current data state S3, the first FSM 214 controls
the first mapper 220 to map 0 to 0. The first mapper 220
outputs the alphabet letter O, and the first FSM 214 determines
the data state to be S1 based on the alphabet letter O stored in
the first main buifer 212.

Alphabet letters input to the pattern transtormer 210 at the
twenty-third through twenty-fifth input times are 0, 3, and 1,
and therefore the data state 1s not converted to the {first state.
As a result, the input alphabet letters 0, 3, and 1 are output
unchanged.

An alphabet letter of 2 1s mnput to the pattern transformer
210 at the twenty-sixth input time and 1s temporarily stored 1n
the first main buffer 212. Since the data state 1s the second
state (S1), the first FSM 214 outputs the alphabet letter 2 as 1t
1s. The first FSM 214 determines the data state to be S4 based
on the alphabet letter 2.

Twenty-two ternary alphabet letters (1.e.,2,2,2,1, 1,0, 1,
1,1,1,2,0,0,0,1,2,0,0, 2,1, 2, 0) are 1n the first sub buifer
216 and the first alphabet letter 2 1s transmitted to the first
mapper 220. Since the base-converted alphabet letter 2 cannot
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be output 1n the current data state S4, the first FSM 214
controls the first mapper 220 to map 2 to 3. The first mapper
220 outputs the alphabet letter 3, and the first FSM 214
determines the data state to be S2 based on the alphabet letter
3 stored 1n the first main buifer 212.

An alphabet letter input to the pattern transformer 210 at
the twenty-seventh mput time 1s 3, and therefore, the data
state 1s not converted to the first state. As a result, the input
alphabet letter 3 1s output unchanged and the data state 1s
maintained at S2.

An alphabet letter of 0 1s mput to the pattern transformer
210 at the twenty-e1ghth input time and 1s temporarily stored
in the first main buifer 212. Since the data state 1s the second
state (S2), the first FSM 214 output the alphabet letter O as 1t
1s. The first FSM 214 determines the data state to be S3 based
on the alphabet letter O.

Twenty-one ternary alphabet letters (1.e.,2,2,1,1,0, 1, 1,
1,1,2,0,0,0,1,2,0,0,2,1, 2,0) are 1n the first sub buifer 216
and the first alphabet letter 2 1s transmaitted to the first mapper
220. Since the base-converted alphabet letter 2 can be output
in the current data state S3, the first FSM 214 controls the first
mapper 220 to map 2 to 2. The first mapper 220 outputs the
alphabet letter 2, and the first FSM 214 determines the data
state to be S4 based on the alphabet letter 2 stored in the first
main buifer 212.

Twenty ternary alphabet letters (1.e.,2,1,1,0,1,1, 1, 1, 2,
0,0,0,1,2,0,0, 2,1, 2, 0) are 1n the first sub buifer 216 and
the first alphabet letter 2 1s transmitted to the first mapper 220.
Since the base-converted alphabet letter 2 cannot be output in
the current data state S4, the first FSM 214 controls the first
mapper 220 to map 2 to 3. The first mapper 220 outputs the
alphabet letter 3, and the first FSM 214 determines the data
state to be S2 based on the alphabet letter 3 stored in the first
main buffer 212.

Thereatter, from the thirtieth input time to the thirty-ninth
input time the pattern transformer 210 repeats a procedure for
determining the current data state and outputting a pattern-
transformed alphabet letter according to the determined data
state.

An alphabet letter of 2 1s 1mput to the pattern transformer
210 at the fortieth input time and 1s temporarily stored in the
first main bufier 212. Since the data state 1s the second state
(S1), the first FSM 214 outputs the alphabet letter 2 as it 1s.
The first FSM 214 determines the data state to be S4 based on
the alphabet letter 2.

Since there 1s no input stream IS after the fortieth input
time, 14 ternary alphabet letters (1.e.,1,1,2,0,0,0,1, 2,0, 0,
2,1, 2, 0) stored 1n the first sub buffer 216 are sequentially
output through the first mapper 220 and the first main buifer
212.

Although the operation of the pattern transtormer 210 only
has been described with reference to FIGS. 10A through 10C,
since the operation of the pattern de-transformer 230 1s per-
formed 1n reverse order from the operation of the pattern
transformer 210, the description thereot will be omatted.

FIG. 11 1s a flowchart of the operations of the pattern

transformer 210 1llustrated in FIG. 2. Referring to FIGS. 1, 2,
6, 9, 10A through 10C, and 11, the first main buffer 212
receive the mput stream IS mcluding a plurality of alphabet
letters from the host 50. The first FSM 214 determines a
current data state (e.g., first or second current state) based on
a current one of the alphabet letters included in the mput
stream IS 1n operation S100.

When the current data state 1s determined to be the first
state (e.g., S3 or S4 1 FIG. 6) among a plurality of predeter-
mined data states based on the mput stream IS 1n operation

S105, the first FSM 214 determines whether there 1s any
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base-converted alphabet letter 1n the first sub buifer 216 in
operation S107. When 1t 1s determined that there 1s no base-
converted alphabet letter 1n the first sub bufifer 216 1n opera-
tion S107, the first base converter 218 converts a part of the
iput stream IS, which corresponds to the conversion size,
into alphabet letters 1n a lower numeral system in operation
S110. When 1t 1s determined that there 1s any base-converted
alphabet letter in the first sub builer 216 1n operation S107,
the process proceeds to operation S130, discussed below.

The first sub butier 216 stores the base-converted alphabet
letters received from the first base converter 218 in operation
S120. The first FSM 214 determines whether one of the
base-converted alphabet letters stored 1n the first sub butler
216 can be output 1n the current data state 1n operation S130.

When 1t 1s determined that the one base-converted alphabet
letter can not be output 1n the current data state, the first
mapper 220 maps the one base-converted alphabet letter to a
different alphabet letter in operation S140. For instance, when
the one base-converted alphabet letter 1s 2 1n the data state S4
in FIG. 6, the first FSM 214 controls the first mapper 220 to
map the alphabet letter 2 to alphabet letter 3. When 1t 1s
determined that the one base-converted alphabet letter can be
output 1n the current data state, the first mapper 220 maps the
one base-converted alphabet letter to the same alphabet letter
in operation S140. After being mapped, the one base-con-
verted alphabet letter may be inserted by the first main buiier
212 1 the 1nput stream IS 1n operation S150.

The first FSM 214 determines whether the input stream IS
has been completely recerved from the host 50 in operation
S155. When it 1s determined that the input stream IS has not
been completely recetved 1n operation S155, the pattern
transformer 210 returns to operation S100. When 1t 1s deter-
mined that the input stream IS has been completely received
in operation S155, the first FSM 214 sequentially receives and
inserts the base-converted alphabet letters remaining 1n the
first sub buffer 216 into the mput stream IS at the end of the
input stream IS 1n operation S160.

When the current data state 1s determined to be the second
state (e.g., S1 or S2 1n FIG. 6) among the plurality of prede-
termined data states based on the input stream IS 1n operation
S105, the current alphabet letter in the input stream IS may be
output as it 1s 1n operation S170.

FIG. 12 1s a flowchart of the operations of the pattern
de-transformer 230 1llustrated 1n FIG. 3. Referring to FIGS. 1,
3, 6,9, and 10A through 12, the second main buffer 232
receives and temporarily stores the read data RD including a
plurality of alphabet letters ECC decoded by the ECC
decoder 270. The second FSM 234 determines a current data
state based on a current alphabet letter included 1n the read
data RD 1n operation S200.

When the second sub butler 238 1s empty, the second main
butler 232 transmits the current alphabet letter to the second
mapper 236 and may simultaneously store the next alphabet
letter of the read data RD with a space corresponding to the
conversion size being empty under control of the second FSM
234. The second FSM 234 controls the alphabet letter
received by the second mapper 236 to be mapped to the same
or a different alphabet letter based on the current data state
and the mapping information shared with the first FSM 214 1n
operation S210.

The second base converter 240 receives mapped alphabet
letters one by one until receiving all of alphabet letters 1n a
string, 1into which a string corresponding to the conversion
s1ze has been converted by the first base converter 218 (for
example, 24 letters 1n a string over the ternary alphabet into
which 19 letters 1n a string corresponding to a conversion size

of 19 over the quaternary alphabet are converted). The second
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base converter 240 restores alphabet letters 1n a higher
numeral system from the received alphabet letters 1n a lower
numeral system in operation S220.

The second main buffer 232 receives the restored alphabet
letters from the second base converter 240 through the second
sub buifer 238, and inserts restored alphabet letters 1nto the

empty space under control of the second FSM 234 1n opera-
tion S230.

Although the description of the operations of the second
FSM 234 1s simpler than that of the operations of the first
FSM 214, the operations of the second FSM 234 are essen-
tially the reverse of the operations of the first FSM 214.

FIG. 13 15 a block diagram of a system 400 including an
example of the memory system 100 of FI1G. 1, according to an
embodiment of the inventive concept.

Referring to FIGS. 1 and 13, the system 400 may be
embodied as an electronic device or a portable device. The
portable device may be a cellular phone, a smart phone, or a

tablet PC, for example.

The system 400 includes a memory system 410 having a
processor 411 and a memory device 413. The memory device
413 may be implemented as the memory device 150 of FIG.
1, for example. In an embodiment, the processor 411 and the
memory device 413 may be packaged 1n a semiconductor
package. In this case, the semiconductor package may be
mounted on a system board (not shown).

The processor 411 includes a memory controller 415 con-
figured to control data processing operations (e.g., write
operation and/or read operations) of the memory device 413.
The memory controller 415 may be the memory controller
200 of FIG. 1, for example. The memory controller 415 1s
controlled by the processor 411 configured to control overall
operations of the system 400. In an embodiment, the memory
controller 415 may be connected between the processor 411
and the memory device 413. Data stored in the memory
device 413 may be displayed on a display unit 420 under
control of the processor 411.

A radio transcerver 430 may transmit and/or receive radio
signals via an antenna ANT. For example, the radio trans-
ceiver 430 may transform the radio signal received via the
antenna AN'T into a signal to be processed by the processor
411. Thus, the processor 411 may process a signal output
from the radio transcerver 430, and store the processed signal
in the memory device 413 and/or display the processed signal
on the display unit 420. Also, the radio transcerver 430 may
transiorm a signal output from the processor 411 1nto a radio
signal, and output the radio signal to the outside via the
antenna AN'T.

The system 400 further includes an mput device 440 by
which control signals for controlling operations of the pro-
cessor 411 and data to be processed by the processor 411 are
input. The mput device 440 may be embodied as a pointing
device, for example, such as a touch pad and a computer
mouse, or a keyboard.

The processor 411 may control the display unit 420 to
display data output from the memory device 413, radio sig-
nals output from the radio transceiver 430, and/or data output
from the mput device 440. The various components may
communicate via a bus.

FIG. 14 15 a block diagram of a system 500 including an
example of the memory system 100 of FIG. 1, according to
another embodiment of the inventive concept. Referring to
FIGS. 1 and 14, the system 500 may be embodied as a PC, a
tablet PC, a net-book, an e-reader, a personal digital assistant
(PDA), a portable multimedia player (PMP), an MP3 player,
or an MP4 player, for example.
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The system 500 includes a memory system 510 having a
processor 511 and a memory device 513. The processor 511
1s configured to control overall operations of the system 500.
The memory device 513 may be implemented as the memory
device 150 of FIG. 1, for example. In an embodiment, the
memory device 513 may be packaged 1n a semiconductor
package. The semiconductor package may be mounted on a
system board (not shown).

The processor 511 may include a memory controller 515
configured to control an operation of the memory device 513.
The memory controller 315 may be implemented as the
memory controller 200 of FIG. 1, for example. The processor
511 may display data stored in the memory device 513 on a
display unit 530 according to an input signal generated by an
input device 520. The mput device 520 may be embodied as
a pointing device, for example, such as a touch pad or a
computer mouse, a keypad, or a keyboard. The various com-
ponents may communicate via a bus.

FIG. 15 1s a block diagram of a system 600 including an
example of the memory system 100 of FIG. 1, according to
another embodiment of the mventive concept. Referring to
FIGS. 1 and 15, the system 600 may be embodied as a
memory card or a smart card, for example.

The system 600 includes a memory system 610 having a
memory controller 611 and amemory device 613. The system
600 further includes a card interface 620. The memory device
613 may be implemented as the memory device 150 of FIG.
1, for example. The memory controller 611 may control
exchange of data between the memory device 613 and the
card interface 620. The memory controller 611 may be imple-
mented as the memory controller 200 of FIG. 1, for example.
In an embodiment, the memory device 613 may be packaged
in a semiconductor package. The semiconductor package
may be mounted on a system board (not shown).

In an embodiment, the card interface 620 may be a secure
digital (SD) card interface or a multi-media card (MMC)
interface, although the inventive concept 1s not limited
thereto. The card interface 620 may interface exchange of
data between a host and the memory controller 611 according
to a protocol from the host.

When the system 600 1s connected to the host, such as a
computer, a digital camera, a digital audio player, a cellular
phone, console video game hardware, or a digital set-top box,
for example, the host may exchange data stored in the
memory device 613 with the card interface 620 via the
memory controller 611. The various components may com-
municate via a bus.

FIG. 16 1s a block diagram of a system 700 including an
example of the memory system 100 of FIG. 1, according to
another embodiment of the mventive concept. Referring to
FIGS. 1 and 16, the system 700 may be embodied as a digital
camera or a portable device with a built-in digital camera, for
example.

The system 700 includes a memory system 710 having a
processor 711 and a memory device 713. The processor 711
1s configured to control overall operations of the system 700.
Also, the processor 711 may include a memory controller 715
configured to control operations of the memory device 713.
The memory controller 715 may be implemented as the
memory controller 200 of FIG. 1, and the memory device 713
may be implemented as the memory device 150 of FIG. 1, for
example. In an embodiment, the processor 711 and the
memory device 713 may be packaged 1n a semiconductor
package. The semiconductor package may be mounted on a
system board (not shown).

An 1mmage sensor 720 of the system 700 transforms an
optical image 1nto a digital signal. The digital signal 1s stored
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in the memory device 713 and/or 1s displayed on a display
umt 730, under control of the processor 711. The digital
signal stored 1n the memory device 713 may be displayed on
the display umit 730 under control of the processor 711. The
various components may communicate via a bus.

FIG. 17 1s a block diagram of a system 800 including an
example of the memory system 100 of FIG. 1, according to
another embodiment of the inventive concept. Referring to
FIGS. 1 and 17, the system 800 may be embodied as a uni-
versal serial bus (USB) memory drive or a memory stick, for
example.

The system 800 1ncludes a memory system 810 having a
processor controller 811 and a memory device 813. The pro-
cessor 811 1s configured to control overall operations of the
system 800. Also, the processor 811 may include a memory
controller 815 configured to control an operation of the
memory device 813. The memory controller 815 may be
implemented as the memory controller 200 of FI1G. 1, and the
memory device 813 may be implemented as the memory
device 150 of FIG. 1, for example.

In an embodiment, the memory device 813 and the proces-
sor 811 may be packaged 1n a semiconductor package. The
semiconductor package may be mounted on a system board
(not shown).

The system 800 further includes a memory 840 that may be
used as an operation memory of the processor 811. The
memory 840 may be embodied as a non-volatile memory,
such as read only memory (ROM) or flash memory, for
example.

A host connected to the system 800 may exchange data
stored 1n the memory device 813 with the processor 811 via a
host interface 830. In this case, the memory controller 815
may also perform functions of a memory 1nterface.

In an embodiment, the system 800 further includes an ECC
block 820. The ECC block 820 operates under control of the
processor 811, and detects and corrects errors 1n data read
from the memory device 813 by the memory controller 815.
The processor 811 may control exchange of data among the
ECC block 820, the host interface 830, and the memory 840
via a bus 801.

FIG. 18 1s a block diagram of a system 900 including
examples of the memory system 100 of FIG. 1, according to
another embodiment of the inventive concept. A channel 901
may be implemented using an optical connector. The optical
connector 901 may include optical fiber, an optical
waveguide, or a medium by which optical signals are trans-
mitted.

Referring to FIGS. 1 and 18, the system 900 includes a first
system 1000 and a second system 1100. The first system 1000
includes a first memory device 100a and an electrical-to-
optical (E/O) conversion circuit 1010. The E/O conversion
circuit 1010 converts electrical signals output from the first
memory device 100a into optical signals, and outputs the
optical signals to the second system 1100 via the optical
connector 901.

The second system 1100 includes an optical-to-electrical
(O/E) conversion circuit 1120 and a second memory device
10056. The O/E conversion circuit 1120 converts optical sig-
nals recetved via the optical connector 901 1nto an electrical
signal, and transmits the electrical signal to the second
memory device 1005.

The first system 1000 may further include an O/E conver-
sion circuit 1020, and the second system 1100 may further
include an E/O conversion circuit 1110. When the second
system 1100 transmuits data to the first system 1000, the E/O
conversion circuit 1110 converts electrical signals output
from the second memory device 10056 1nto optical signals, and
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outputs the optical signals to the first system 1000 via the
optical connector 901. The O/E conversion circuit 1020 con-
verts optical signals received via the optical connector 901
into electrical signals, and transmits the electrical signals to
the first memory device 100a. The structures and operations
of the respective memory devices 100a and 10056 may be
substantially the same as those of the memory system 100 of
FIG. 1, for example.

Embodiments of the mnventive concept may be imple-
mented as computer-readable codes on a computer-readable
recording medium. The computer-readable recording
medium 1s any data storage medium that can store data as a
program, executable by a computer processor and read by a
computer system. Examples of the computer-readable
recording medium include read-only memory (ROM), ran-
dom-access memory (RAM), CD-ROMs, magnetic tapes,
floppy disks, and optical data storage devices. The computer-
readable recording medium may be non-transitory to the
extent 1t does not consist of transitory propagating signals.

The computer-readable recording medium may also be
distributed over network coupled computer systems so that
the computer-readable code 1s stored and executed 1n a dis-
tributed fashion. Also, functional programs, codes, and/or
code segments for accomplishing the various embodiments
can be determined by programmers.

As described above, according to various embodiments of
the inventive concept, a memory controller avoids forbidden
patterns that may cause data loss, thereby enhancing data
reliability.

While the mventive concept has been described with ref-
erence to exemplary embodiments, 1t will be apparent to those
skilled 1n the art that various changes and modifications may
be made without departing from the spirit and scope of the
inventive concept. Therefore, 1t should be understood that the
above embodiments are not limiting, but illustrative.

What is claimed 1s:

1. A method of operating a memory controller, the method
comprising;

determining a data state based on an input stream compris-

ing a plurality of alphabet letters;

converting a part of the iput stream, which corresponds to

a conversion size, into alphabet letters 1 a lower
numeral system only when the data state 1s determined
to be a first state among a plurality of predetermined data
states;

determining whether one of the converted alphabet letters

can be output 1n the data state determined based on the
input stream;
mapping the one converted alphabet letter to a different
alphabet letter according to a result of the determination;

inserting the put stream and either the one converted
alphabet letter or the different alphabet letter into a com-
bined stream; and

outputting each of the alphabet letters in the input stream

only when the data state 1s determined to be a second
state among the predetermined data states.

2. The method of claim 1, further comprising;

storing the converted alphabet letters 1n a first sub butfer,

wherein

the part of the input stream 1s converted into the alphabet

letters 1n the lower numeral system when the first sub
builer 1s empty.

3. The method of claim 2, further comprising sequentially
inserting converted alphabet letters remaining 1n the first sub
butfer into the combined stream when reception of the input
stream 1s completed.
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4. The method of claim 1, further comprising;
determining another data state based on read data compris-
ing another plurality of alphabet letters;
restoring a part of the read data to a higher numeral system;
and
inserting the restored part and the read data into combined
read data.
5. The method of claim 4, further comprising mapping each
of the alphabet letters 1n the read data to a different alphabet
letter according to the other data state determined based on
the read data.
6. The method of claim 5, wherein a size of the restored part
of the read data 1s the conversion size.
7. The method of claim 1, wherein:
the first state 1s one 1n which at least one of the plurality of
alphabet letters cannot be output because the output
would create a forbidden output pattern 1n conjunction
with an output of other alphabet letters,
the second state 1s one i1n which all of the plurality of
alphabet letters can be output, and
the conversion size 1s determined depending on a size of the
input stream.
8. A memory controller comprising:
a pattern transformer configured to:
convert a part of a {irst input stream comprising a plu-
rality of alphabet letters from a higher numeral system
to a lower numeral system only when a data state 1s
determined to be a first state among a plurality of
predetermined data states based on the first mput
stream,

determine whether one of the converted alphabet letters
can be output,

map the one converted alphabet letter to a different
alphabet letter when the one converted alphabet letter
cannot be output, and

isert into a combined stream the first input stream and
either the converted part of the first input stream or the
converted part of the first mnput stream with the one
converted alphabet letter replaced by the different
alphabet letter; and

a pattern de-transformer configured to convert a part of
read data comprising another plurality of alphabet letters
to the higher numeral system only when another data
state 1s determined to be the first state based on the read
data, and to 1nsert the converted part of the read data and
the read data into combined read data, the read data
being obtained by reading a second input stream that has
been written to a memory device, wherein

the first state 1s one 1n which at least one of the plurality of
alphabet letters cannot be output because the output
would create a forbidden output pattern 1n conjunction
with an output of other alphabet letters.

9. The memory controller of claim 8, wherein the pattern

transformer comprises:

a base converter configured to convert the part of the first
input stream 1nto the lower numeral system;

a sub buffer configured to store the converted part;

a mapper configured to map the one alphabet letter 1n the
converted part to the different alphabet letter when the
alphabet letter 1n the converted part cannot be output 1n
the first state because the output would create a forbid-
den output pattern in conjunction with an output of other
alphabet letters;

a main buffer configured to store the first input stream and
the mapped alphabet letter; and
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a finite state machine configured to determine the data state
based on the first input stream and the mapped alphabet
letter, and to control the main buffer and the mapper.

10. The memory controller of claim 9, wherein the part of

the iput stream has a conversion size.
11. The memory controller of claim 8, wherein the pattern
de-transformer comprises:
a mapper configured to map each of the alphabet letters in
the read data to a different alphabet letter according to
the other data state determined based on the read data;
a sub buffer configured to store the mapped alphabet let-
ters;
a base converter configured to restore alphabet letters to the
higher numeral system from the mapped alphabet let-
ters;
a main builer configured to store the read data and the
restored alphabet letters; and
a finite state machine configured to determine the other
data state based on the read data, and to control the main
buifer and the mapper.
12. The memory controller of claim 11, wherein the num-
ber of restored alphabet letters 1s the same as a conversion
S1Z€.
13. The memory controller of claim 12, wherein the con-
version size 15 determined depending on a size of the second
input stream.
14. A memory system comprising;:
the memory controller of claim 8; and
a memory device configured to write the first input stream
from the memory controller and to read the second 1nput
stream under control of the memory controller, and to
output a read input stream as the read data.
15. A memory system comprising;:
a memory device comprising a memory cell array includ-
ing a plurality of multi-level memory cells for storing at
least one of binary, ternary, or quaternary data; and
a memory controller for converting an input stream
received from a host to provide write data that 1s stored
in the memory device, and for converting read data
received from the memory device to provide an output
stream to the host, the read data corresponding to the
stored write data, wherein:
the memory controller 1s configured to:
convert a part of the input stream comprising a plurality
of alphabet letters from a higher numeral system to a
lower numeral system only when a data state 1s deter-
mined to be a first state among a plurality of prede-
termined data states,

determine whether one of the converted alphabet letters
can be output,

map the one converted alphabet letter to a different
alphabet letter when the one converted alphabet letter
cannot be output, and

combine, to provide the write data, the input stream and
either the converted part of the input stream or the
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converted part of the input stream with the one con-
verted alphabet letter replaced by the different alpha-
bet letter, and

the memory controller 1s further configured to convert a
part of the read data comprising a plurality of alphabet
letters from the lower numeral system to the higher
numeral system only when another data state 1s deter-
mined to be the first state based on the read data, and to
combine the converted part and the read data to provide
the output stream.

16. The memory system of claim 15, wherein the first state
1s one 1 which at least one of the plurality of alphabet letters
cannot be output because the output would create a forbidden
output pattern in conjunction with an output of other alphabet
letters.

17. The memory system of claim 16, wherein the memory
controller comprises:

a pattern transformer configured to convert the part of the
input stream comprising the plurality of alphabet letters
from the higher numeral system to the lower numeral
system when the data state 1s determined to be the first
state, and to insert the converted part into the combined
stream; and

a pattern de-transformer configured to convert the part of
the read data comprising the plurality of alphabet letters
from the lower numeral system to the higher numeral
system when the other data state 1s determined to be the
first state, and to insert the converted part into the com-
bined read data.

18. The memory system of claim 17, wherein the pattern

transformer comprises:

a base converter configured to convert the part of the input
stream 1nto the lower numeral system:;

a sub buffer configured to store the converted part;

a mapper configured to map the one alphabet letter 1n the
converted part to the different alphabet letter when the
one alphabet letter in the converted part cannot be output
in the first state because the output would create a for-
bidden output pattern 1n conjunction with an output of
other alphabet letters;

a main buifer configured to store the input stream and the
mapped alphabet letter; and

a finite state machine configured to determine the data state
based on the input stream and the mapped alphabet
letter, and to control the main buffer and the mapper.

19. The memory system of claim 16, wherein the memory
controller further comprises:

an error correction code (ECC) encoder configured to
encode an output of the pattern transformer to provide
the write data; and

ECC decoder configured to decode the read data to
correct errors 1n the output stream.
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